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Abstract 
We present results from forward geochemical modelling, coupled to fluid flow, of CO2 injection in a depleted gas 
field in the UK sector of the North Sea (a candidate storage site). For the reservoir a long-term porosity decrease after 
shut-in is predicted. Similarly for the caprock a reduction in porosity is predicted (for the average mineralogical 
composition), suggesting an increase in containment integrity. We consider the risks posed by local composition 
variations, in the form of possibly through-going calcite pathways (prone to dissolution). Our analysis shows that 1) 
the dissolution process is transport limited; 2) in the region above the gas water contact the transport process is 
diffusive, resulting in negligible calcite dissolution; 3) in the region below the contact it would take more than 
200,000 years to dissolve a calcite streak through the primary caprock  and the resultant flow path would then 
facilitate the transfer of brine, not continuous phase CO2. The long timescale emerging from this analysis is not very 
site specific. 
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1. Introduction 
One question that is regularly asked of teams evaluating the sealing potential of caprocks for CO2 is 
CO2 dissolve 
carbonic acid dissolves calcite rapidly. 
This paper examines the processes that would be involved in the dissolution process to assess the risk 
posed by local composition variations, in the form of possibly through-going calcite pathways (prone to 
dissolution). 
Examples of chemical reactions upon CO2 injection are: 
 CO2 dissolution in the formation brine (forming carbonic acid, H2CO3): 
  CO2(g) + H2 2CO3 
 Dissociation of carbonic acid (increasing the H+ concentration thus lowering the pH): 
  H2CO3 + + HCO3- 
 Calcite dissolution: 
  CaCO3 + H+  ++ + HCO3- 
In addition, many other reactions are possible. These processes happen on various timescales. 
Although some calcite will dissolve due to the lowering of the pH, other carbonate minerals will tend to 
precipitate, often leading to a net solid CO2 sequestration (mineral trapping) mechanism in sandstone 
reservoirs such as our candidate storage site. For capacity estimates mineral dissolution/precipitation 
mechanisms typically are not so important because they tend to happen on longer timescales (beyond the 
injection timescale). However for containment they can be relevant (through permeability changes) 
because containment needs to be guaranteed for a long time period. Also for injectivity they may be 
relevant because the permeability may be sensitive even to relatively small porosity changes induced by 
mineral precipitation / dissolution. 
Guidelines and examples for geochemical calculations for CO2 storage in saline aquifers are available 
in [1
corresponds to running a batch reaction (homogeneous mix of CO2, formation brine and reservoir 
minerals) in a standalone geochemical tool, such as PHREEQC [2]. 
 ding on the reservoir 
or caprock region being modelled (Fig. 1(a)). For example, Fig. 1(b) illustrates as an example how 
various forms of transport (diffusion and flow) play a crucial role in calculating the rate of calcite 
dissolution of a calcite streak in the reservoir seal (a potential risk in our candidate storage site). 
Our candidate storage site is not a saline aquifer but a depleted gas field, with a thin oil rim. Therefore, 
to obtain realistic flow behaviour, as well as geochemistry, it is important to describe three phases (gas, 
brine, oil) and multiple components (CO2, CH4, C2H6 etc, in addition to aqueous species). To this purpose 
we used the Shell in-house reservoir simulator (MoReS) in compositional mode, coupled to PHREEQC. 
For validation and examples of MoReS coupled to geochemistry we refer to [3] and references therein. 
The following workflow was used: 
 Data collection, including selection of a geochemical database suitable for our storage candidate. 
 Standalone geochemical modelling to understand the geochemical system and investigate 
sensitivities to key geochemical uncertainties (detailed mineralogical assemblage; kinetic rate 
parameters controlling the speed of the dissolution and precipitation processes). 
 Coupled flow-geochemical modelling in a simplified geometry model to investigate the impact 
of the flow and the multiphase system. 
 Coupled flow-geochemical modelling on the full field model to check the validity of conclusions 
based on the simplified geometry model. 
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(a)                        (b) 
Fig. 1. (a) Schematic of distinct regions in an anticline (like our candidate storage site). 1 = caprock above gas-water 
contact, 2 = caprock below gas water contact in zone with dissolved CO2, 3 = reservoir contacted by CO2; (b) 
Schematic of transport mechanisms of Ca++ and CO2 into and away from a calcite streak in the caprock. A: uninvaded 
zone. B: diffusive zone (CO2 (and H+) diffusing upwards, Ca++ diffusing downwards). C: dissolved zone (either gas 
or brine filled, depending on location in reservoir). D: reservoir zone (mainly convective transport bringing CO2 and 
H+ towards zone C, and transporting Ca++ away from zone C). Note that the transport mechanisms in zones C and D 
depend on the phases present in the reservoir at the location of the calcite streak (only brine; or brine and CO2-rich 
gas). Zones A and B are fully brine saturated. 
 
2. Geological setting and geochemical input 
The CO2 is planned to be injected in a sandstone formation. The CO2 will also contact the primary 
seal, a succession of laminated, calcareous mudstones. The reservoir itself contains calcite grains and 
calcite cement, as well as localised calcite rich features observed in core which have been interpreted as 
cemented fault zones. These calcite rich zones may extend into the primary seal. 
Key input to the geochemical modelling is the mineral composition of the reservoir rock and caprock. 
This was determined from petrographic analysis (XRD, SEM) on core samples. The base case reservoir 
mineralogical composition used in the modelling is provided in Table 1. The caprock mineralogy is 
similar, but with a larger clay fraction. Remaining key uncertainties are: 
  Detailed mineral composition and crystal structure cannot be determined unambiguously from 
petrographic analysis. This leads to uncertainties for the solubilities of these minerals in the 
brine as well as for the dissolution products.  
  Spatial variations in the mineral volume fractions (significant variations between samples). 
  Reactive surface areas of the various minerals, which drive their dissolution rates. Especially for 
the clay minerals, this is difficult to determine due to their plate-like crystal structure. In 
addition, there are also uncertainties in literature values for mineral solubilities and 
dissolution/precipitation rate parameters. 
 
Table 1. Base mineral assemblage for the reservoir used in the geochemical modelling 
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Other major inputs are the formation brine composition (NaCl dominated brine, salinity 56,000 mg/l), 
the hydrocarbon gas composition (mainly CH4 (81%) and heavier hydrocarbon components; 0.4% CO2, 
1% N2) and injection gas composition (nearly pure CO2, assumed pure CO2 in the modelling). 
 
3. Reservoir 
For the standalone simulations a constant CO2 partial pressure (or, rather, fugacity) was assumed. 
Typical results are shown for a relatively reactive case (mineral surface areas towards the high end of 
their uncertainty range) in Fig. 2(a). Reactions occur on two different timescales: early reactions 
involving relatively reactive minerals (carbonates and also chlorite); and late reactions involve more 
slowly reacting minerals. Equilibrium between the (CO2 saturated) brine and the minerals is reached after 
approximately 2000 years. At the end of the injection period (10 years) the porosity has decreased 
slightly, from 24% to 23.85%. The final porosity at the end of the reactions (2000 years) is 21.8%. 
 
 
 
(a)                        (b) 
Fig. 2 (a). Mineralogical changes in the reservoir for one of the cases modelled in standalone PHREEQC. Note that 
the time scale on the horizontal axis is logarithmic. The amounts on the vertical axis are expressed in mol/kgW (mole 
per kilogram of water); 1 mol/kgW corresponds to 47 mol/m3 gross rock volume (for the assumed porosity, water 
saturation of 0.2v/v, and brine density); (b) Saturation changes through time in the simplified geometry model 
(ternary colour scale with green for gas, red for oil, blue for water). After twenty years post injection the saturation 
changes are small. 
 
Comparison to natural analog studies [4, 5] supports the reactions marked 'early' in Fig. 2(a), but only 
provides weak evidence for the late reaction producing dawsonite. Therefore additional simulations with 
the formation of dawsonite disallowed were performed. In these cases the system is more restricted in its 
reaction paths and the system reaches equilibrium after the early reactions. Other cases (varying input 
mineralogical and brine composition, thermodynamic database values, and kinetic rate parameters) were 
run; results vary from case to case but the following characteristics are the same for all cases simulated: 
 Over time, some CO2 is sequestered in mineral form. Since this adds mass to the minerals and 
most minerals have a similar density this leads to a reduction in porosity. 
  Even at the end of the reactions (system reaches an equilibrium state), not all CO2 is 
mineralised, gaseous CO2 remains. However if convective mixing occurs between the CO2 
and water/rock in the water leg (not captured by the standalone PHREEQC model, to be 
described below) then eventually all CO2 may be mineralized. 
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At the end of the injection period the porosity reduction is very small. Since permeabilities in our 
candidate storage site are high (approximately 1 Darcy) this is unlikely to affect injectivity. 
The standalone PHREEQC model is simplistic in several respects, notably in the assumption of 
constant CO2 fugacity (in reality the fugacity varies over space and time driven by proximity to the CO2 
injectors, the level of mixing with the hydrocarbon gas, and the gas to water ratio). Therefore to increase 
confidence in the conclusions derived from the standalone models, transport effects are analysed (coupled 
MoReS-PHREEQC simulations). In order to limit simulation runtimes with fine grid to capture the 
physics and chemistry of the processes to be modelled, these simulations were first done on a simplified 
geometry, approximating a cross section through the reservoir, with homogeneous porosity and 
permeability.  
Fig. 2(b) shows the saturation at various stages before/during/after hydrocarbon gas production and 
CO2 injection. The behaviour is controlled by the strong aquifer and the high permeability (rapid 
gravitational stabilization). Fig. 3 provides an overview of the CO2 dissolution in brine and reactions with 
the rock in two scenarios: 1) without mineral reactivity (this can be seen as the extreme case for very low 
effective mineral surface areas available for chemical reactions); 2) with high mineral reactivity (reactive 
mineral surface areas on the high end of their uncertainty range). The kinetic rate parameters and mineral 
assemblage used in this case are the same as for the standalone case presented in Fig. 2(a). 
In the second scenario the reactivity is driven by the dissolved CO2, therefore it is sensible to first 
analyse the first scenario (left image and top images in Fig. 3). Initially CO2 dissolution in the brine is 
high only in the gas cap (except in the crest, where the remaining hydrocarbon gas accumulates). 
However CO2 dissolution causes a slight increase of the brine density, and therefore the brine in the 
gascap is gravitationally unstable with respect to the brine below it in the water leg (see e.g. [6]). In our 
case the convective flow patterns are fully established after approximately 100 years, and ultimately the 
fingers merge into a mass of CO2-rich brine sliding down along reservoir base (with a corresponding 
mass of virgin formation water sliding up along top reservoir). Despite the high permeability the flow 
velocity is low, due to the small density difference and also the (smeared) oil rim acting as a baffle. 
Consequently the enhanced dissolution is slow: after 10,000 years most of the CO2 still resides in the gas 
phase, with only 14% of the injected CO2 dissolved in the water. 
 
Fig. 3. Left: CO2 dissolved in brine 150 years post injection. Top: no geochemical reactivity scenario showing CO2 
dissolved in brine 300 years, 700 years and 10,000 years post injection. Bottom: high geochemical reactivity scenario 
showing CO2 dissolved in brine 300 years post injection, and amount of calcite and ankerite 600 years post injection. 
Colour scale for CO2 dissolved in brine is 0 to 5 mass%. Colour scale for minerals is 0 to 600 mole per m3 of rock. 
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In the high chemical reactivity scenario (bottom images in Fig. 3) mineral reactions occur in the part of 
the gascap with sufficiently high CO2 concentration (i.e. not in the crest where the hydrocarbon gas 
accumulates) and also in the CO2-rich fingers sinking down into the water leg. However, in this case as 
the fingers sink down the CO2 is mineralized, therefore the fingers are less pronounced than in the no-
reactivity case. 
Fig. 4(a) shows the predicted porosity changes. The magnitude of the porosity change in the gascap at 
the various points in time is similar to those in the standalone PHREEQC model (Fig. 2(a)). Fig. 4(b) 
presents the mineralogical changes through time in a typical location in the gascap. The type, magnitude 
and rate of reactions are close to those in the standalone PHREEQC model (Fig. 2(a)). Higher up in the 
gascap (lower CO2 fugacity due to the presence of hydrocarbon gas) the rate of reactions is slower. Close 
to the water leg, where mixing with formation water due to the convective patterns is strongest, 
dissolution products are (partially) transported away, leading to a faster dissolution of calcite etc. and 
slower precipitation of ankerite etc. Still, overall the model behaves very similar to the standalone 
PHREEQC model. 
The full-field model was subsequently run with flow coupled to geochemistry, with similar results to 
those from the simplified cross-sectional model. The main difference is that the convective mixing in the 
water leg is reduced. This is partly a numerical artifact due to a coarser grid resolution (too slow onset of 
convection), but also a physical effect due to a reduced permeability zone below the main reservoir unit. 
 
(a)                        (b) 
Fig. 4 (a). Porosity change over time (colour scale from -2% to 0%); (b) Mineral changes over time in a typical cell in 
the simulation model (in the gascap close to the water leg). 
 
4. Caprock 
Unlike for many saline aquifers, for a depleted gas reservoir such as our candidate storage site the 
caprock seal integrity is proven to some degree in the sense that it held back hydrocarbon gas for millions 
of years. Therefore physically it should also hold back the CO2 (as long as the capillary entry pressure is 
not overcome). However CO2 may alter the caprock due to chemical interactions. CO2 
caprock from the inside because it can enter through diffusion. 
Similar to the reservoir case, it is also useful to study the mineral changes in the caprock in a 
standalone PHREEQC batch model, assuming the same CO2 fugacity as in the reservoir (as would occur 
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in the caprock close to the reservoir, after some time). Results of one of the cases analysed are shown in 
Fig. 5(a). In terms of porosity change, this case is the most unfavourable of all cases considered, with 
approximately constant porosity over time. For all other cases porosity is decreasing over time. The 
reason for quasi-constant porosity in the case shown in Fig. 5(a), despite CO2 being mineralized, is the 
assumption of a high abundance of light clay mineral (montmorrilionite). The fact that in nearly all cases 
studied the caprock porosity reduces, suggests that geochemical alterations of the caprock are self-healing 
(filling up flow paths rather than creating flow paths). Therefore the risk of geochemically induced fluid 
migration through the primary caprock is considered to be low.  
The worst case for containment from a reactivity perspective would be one where porosity would 
increase; this would be a case in which dissolution dominates over precipitation. Therefore our study 
focused on the mineral most prone to dissolution, calcite, in a configuration as drawn in Fig. 1(b). Key to 
the behaviour of such a model is the boundary condition with the reservoir. Fig. 5(b) shows the results for 
the case in which gaseous CO2 is exposed to the base of the feature (leading to an approximately constant 
CO2 fugacity at the boundary, but no transport in or out of brine). This situation was modelled in a 1-
dimensional standalone PHREEQC model, taking into account diffusive transport in the vertical direction 
 1(b)). In this case CO2 diffuses into the caprock (up to approximately 50 m after 
10,000 years), leading to an increased Ca++ concentration due to calcite dissolution. However since the 
Ca++ can only reside in the water phase it cannot be transported away (the gaseous CO2 at the base of the 
caprock blocks the transport - ignoring very low transport rates through a static connate water film along 
1(b)). Therefore dissolution stops once the brine is calcite, and the change 
in the amount of calcite (and therefore, change in porosity) is very small (not visible on the scale of the 
figure). 
(a)                        (b) 
Fig. 5 (a). Mineralogical changes in the caprock for one of the cases modelled in standalone PHREEQC; (b) 
Mineralogical and brine changes into calcite feature after 10,000 years (diffusive case with closed boundary 
conditions to solutes). Ca++ concentration on the right hand scale. 
 
In case the calcite streak is exposed to water rather than gas in the reservoir, transport away of Ca++ is 
possible, and dissolution of the calcite streak is plausible. However the rate of dissolution is constrained 
by the flow velocity of the water, which is driven by the convective flow pattern as well as the water 
composition contacting the calcite streak. From Fig. 3 (top panel) it can be seen that initially (up to 
approximately 500 years post injection) a number of narrow vertically oriented convective cells develop. 
This carries dissolved CO2 downwards, therefore this CO2 is not contacting a calcite feature in the 
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caprock. After approximately 500 years the carbonated brine starts accumulating at reservoir base, and 
then forms a tongue sliding downwards. This tongue is part of a new, larger, convective flow cell. The 
situation is shown in greater detail in Fig. 6, with the convective flow cell drawn in, and also a calcite 
feature drawn in. Due to volume conservation, a tongue of (relatively light) original (i.e. uncarbonated) 
formation brine is travelling along the top reservoir upwards, and the volume of this upwards tongue is 
the same as the volume of the downwards tongue. 
Fig. 6. Convective flow cell (blue arrow) after development of the gravity tongue along reservoir base. Caprock 
(brown) with potential calcite feature (yellow) are drawn in. Colouring of the reservoir section represents dissolved 
CO2. 
 
Note that the brine contacting the calcite feature is the brine in the upper tongue, which is original 
formation brine (pH of 6.5) which (presumably) is in equilibrium with the calcite, so that no calcite would 
dissolve. However it should be noted that the model underlying Fig. 3 and Fig. 6 was run without 
diffusion. With diffusion, there is scope for some components in the downward tongue, notably H+, to 
diffuse into the upward tongue. On a timescale of 10,000 years this diffusive mixing can be expected to 
be significant (e.g., in the diffusion model underlying Fig. 5(b) the diffusion distance is approximately 
50 m; within the reservoir the diffusion can be expected to be somewhat faster due to the higher porosity). 
Therefore there is potentially a source of H+ at the base of the calcite feature. 
The maximum amount of calcite that can be dissolved depends on the (cumulative) available brine that 
contacts the calcite over a period of time, because this brine needs to carry the H+ and Ca++ that is 
transported toward (or away from) the calcite feature. Therefore the estimate of the maximum amount of 
calcite that can dissolve (over a given time period) reduces to a straightforward volumetric calculation: 
 
amountdissolved calcite H+ transported towards calcite , amountCa++ transported away ) 
amountH+ transported towards calcite contacted H2O in reservoir × molalityH+; 
amountCa++ transported away contacted H2O in reservoir × molalityCa++; 
molalityH+ -pH,min H+; 
masscontacted H2O in reservoir × v × t × dY × × brine 
 
where amountdissolved calcite (as well as amountH+ transported towards calcite and amountCa++ transported away) are in moles; 
masscontacted H2O in reservoir is the H2O mass in the reservoir that (by convective and diffusive transport) is in 
(direct or indirect) contact with the calcite streak over the time period considered; molalityH+ is the 
(maximum) H+ molality in the water leg (unit mole/kgW); molalityCa++ is the (maximum) Ca++ molality in 
the water leg (unit mole/kgW); pH,min is the minimum pH in the reservoir region (in which 
masscontacted H2O in reservoir H+ is the H+ activity coefficient at this pH; H is the reservoir 
brine is the brine density; and dY is some arbitrary distance in the direction perpendicular to the 
2D cross section under consideration (i.e. perpendicular to the convective flow cell). The choice of dY is 
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irrelevant for the final result. The above formulas are all conservative estimates and therefore inequalities 
rather than equalities. For example the first inequality arises from the fact that brine that has reacted with 
the calcite still contains some H+, and initial brine may already contain some Ca++. 
The values for the various parameters from the geometry and geochemistry of our candidate storage 
site are: pH,min = 3.0 (conservative estimate); H+ (from e.g. PHREEQC); molalityCa++ 
mol/kgW (from e.g. PHREEQC); H = 300 ft (from box geometry, Fig. 3); v = 1 ft/year (from simulation, 
Fig. 3); (average reservoir porosity); brine 3. Substituting these values shows that the 
calcite dissolution rate is constrained by the transport of H+ rather than the transport of Ca++, and the 
maximum amount of dissolved calcite is: 
 
amountdissolved calcite ×  dY[m] × t[year] 
 
om the 
above parameters as well as from unit conversion. 
To calculate the (minimum) time it requires to dissolve the calcite feature, we also need to estimate the 
amount of calcite in the feature: 
 
amountcalcite in feature[mol] = h[m] × dX[m] × dY[m] × ( 1000 × calcite[kg/m3]/ MWcalcite[g/mol]) 
 
where h is the height of the calcite feature; dX is the thickness (measured in the 2D plane) of the calcite 
calcite is 
the calcite density;  and MWcalcite is the calcite molecular weight. The following values are reasonable for 
our candidate storage site: h = 70 m (primary caprock thickness);  calcite = 2710 
kg/m3 MWcalcite = 100.1 g/mol. 
The (minimum) value of the thickness of the calcite feature was estimated from core description. It has 
been observed that the length of each individual calcite interval can be 3 to 4 m, even for the intervals that 
seem to have been intersected at roughly a straight angle (as deduced from the angle of the calcite-
sandstone interface). It is possible that in the caprock, the calcite features are somewhat thinner. However 
for very thin features, it is unlikely that they would be continuous through the entire caprock. Moreover, 
the convective flow loop in the reservoir is unlikely to be exactly perpendicular to the calcite feature, 
increasing the net thickness of the calcite feature as encountered by the flow. Finally (from core and 
analogs) it can be expected that there are multiple calcite features within a single fault zone, increasing 
the total calcite thickness encountered by the convective current. Therefore we consider 1 m as a 
conservative estimate for the minimum thickness of a calcite feature through the caprock. Using the 
above values gives 
 
amountcalcite in feature × dY[m] 
 
Therefore the minimum time required to dissolve the entire calcite feature is 
 
× dY)/( 9.0 × dY) year = 210,000 year 
 
This value is conservative for two (related) reasons: 
1. The assumed pH value of 3.0 is very low. As the carbonated brine contacts reservoir minerals it 
will be buffered to some extent, leading to a lower H+ concentration and therefore longer 
timescale in the above calculation. 
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2. The reservoir itself contains some calcite. Using the average value from the petrography (3%), 
the amount of calcite in the reservoir region considered above (i.e. with gross rock volume H × v 
× t × dY) is 1.8E8 × dY[m]  mol (i.e. much more than the 1.9E6 × dY[m] mol in the calcite 
feature). Presumably most of this would be contacted by the carbonated brine before contacting 
the calcite streak, so that all H+ would be neutralised and the calcite feature would not dissolve at 
all. 
Finally, it should be stressed once more that the above calculation applies to the water leg only. 
Therefore even if a calcite feature would completely dissolve at some point in time (from the above, after 
a minimum of 210,000 years), the dissolved feature would open a fluid migration path through the 
caprock only for carbonated brine, and not for gas. Furthermore, since the reservoir pressure at the end of 
CO2 injection will still be sub hydrostatic and (in the water leg) can at most recharge to hydrostatic 
pressure, the flow rates through such a fluid migration path would either be directed into the reservoir or 
it would be zero. Due to tectonic stress, a completely dissolved feature would not be completely open but 
partially closed. This would further reduce the mass exchange across the caprock. 
 
5. Conclusions 
In our candidate storage site the geochemical reactions are very likely to decrease porosity, in the 
reservoir as well as in the caprock. Therefore permeability is expected to decrease rather than increase so 
that the risk of geochemically induced fluid migration trough the primary caprock is estimated to be low. 
Since even in the fast-reacting cases the changes largely occur post injection, the risk of injectivity 
reduction due to geochemical alterations is estimated to be low. 
We also considered the dissolution of a through-going calcite feature through the primary caprock. 
Although the chemical dissolution rate of calcite is high, the overall process is slow because it is transport 
limited. The conclusion from our analysis is that above the gas water contact the transport is limited by 
diffusion, resulting in negligible calcite dissolution. For the case below the gas water contact we made a 
quantitative estimate of aqueous convective flow rates, based on the convective flow patterns observed in 
the reservoir simulation. We estimate that even under worst case assumptions it would take more than 
200,000 years to dissolve a calcite streak all the way (70 meters) through the primary caprock. Since our 
calculations and estimates of key input parameters (in particular of convective flow rates) are not very 
specific to our candidate storage site, we believe that these long, transport limited, timescales required to 
dissolve potential fluid migration pathways through the caprock are not specific to our case but generally 
applicable to other CCS storage candidate reservoirs. 
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